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Antitumor activity of IL-32/? through the activation of 
lymphocytes, and the inactivation of NF-kB and STAT3 
signals 

H-M Yun\ JH Oh 1 , J-H Shim 2 , JO Ban 1 , K-R Park 1 , J-H Kim 3 , DH Lee 3 , J-W Kang 3 , YH Park 4 , D Yu 4 , Y Kim 1 , SB Han 1 , 
D-Y Yoon*' 3 and JT Hong*' 1 

Cytokine and activation of lymphocytes are critical for tumor growth. We investigated whether interleukin (IL)-32/f 
overexpression changes other cytokine levels and activates cytotoxic lymphocyte, and thus modify tumor growth. Herein, IL-32/f 
inhibited B16 melanoma growth in IL-32/?-overexpressing transgenic mice (IL-32/? mice), and downregulated the expressions 
of anti-apoptotic proteins (bcl-2, IAP, and XIAP) and cell growth regulatory proteins (Ki-67 antigen (Ki-67) and proliferating cell 
nuclear antigen (PCNA)), but upregulated the expressions of pro-apoptotic proteins (bax, cleaved caspase-3, and cleaved 
caspase-9). IL-32/f also inhibited colon and prostate tumor growth in athymic nude mice inoculated with IL-32/Mransfected 
SW620 colon or PC3 prostate cancer cells. The forced expression of IL-32/f also inhibited cell growth in cultured colon and 
prostate cancer cells, and these inhibitory effects were abolished by IL-32 small interfering RNA (siRNA). IL-10 levels were 
elevated, but IL-1 p, IL-6, and tumor necrosis factor-alpha (TNF-a) levels were reduced in the tumor tissues and spleens of IL-32/? 
mice, and athymic nude mice. The number of cytotoxic T (CD8 + ) and natural killer (NK) cells in tumor tissues, spleen, and blood 
was significantly elevated in IL-32/? mice and athymic nude mice inoculated with IL-32/Mransfected cancer cells. Constituted 
activated NF-kB and STAT3 levels were reduced in the tumor tissues of IL-32/? mice and athymic nude mice, as well as in 
IL-32/Mransfected cultured cancer cells. These findings suggest that IL-32)? inhibits tumor growth by increasing cytotoxic 
lymphocyte numbers, and by inactivating the NF-kB and STAT3 pathways through changing of cytokine levels in tumor tissues. 
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Emerging evidence indicates that tumor microenvironments 
have critical roles in tumor development and progression. 1 
A vast diversity of cytokines, growth factors, and inflammatory 
mediators released from tumor-associated stromal cells may 
directly influence the behavior of tumor cells or indirectly 
influence them by inducing changes in growth signals or by 
activating cytotoxic lymphocytes. 2 Cytokines are known to be 
significantly involved in tumor development and progression. 3 
Interleukin (IL)-6, IL-8, and IL-22 increase tumorigenic 
activity, 4-6 whereas IL-1 a, IL-10, IL-21, and IL-27 inhibit tumor 
growth. 7 " 10 

NF-kB and STAT family proteins have been proposed to be 
important regulators of tumor development. 3 ' 11 The constitu- 
tive activation of NF-kB has been described in a number of 
tumors. 12-14 The NF-kB signal could be modified by cytokines 
in tumors and tumor environments. 1 IL-6 and IL-8 are strongly 
associated with NF-kB activation during tumor growth and 



metastasis. 5 ' 15 However, IL-1 0 and IL-1 a inhibit tumor growth 
by inhibiting NF-kB activity. 16,17 STAT3 is constitutively 
activated in diverse tumors and also involved in tumor 
growth. 18-20 Many cytokines including IL-6, IL-8, IL-1 5, and 
IL-1 7 are crucial for the activation of STAT3 in tumors, 
and thus stimulate tumor growth 21,22 However, IL-10, IL-21, 
and IL-23 inhibit tumor growth by inhibiting STAT3 in 
tumor. 7,8,23 Several studies have demonstrated crosstalk 
between STAT3 and NF-kB in tumors. Persistently, activated 
STAT3 was found to maintain constitutive NF-kB activity in 
tumors, which resulted in the stimulation of tumor growth. 24,25 
Cytokines can also directly influence the retardation or 
promotion of tumor growth through the activation of lympho- 
cytes 26 Furthermore, the activation of NF-kB and/or STAT3 
in tumor-associated stromal inflammatory and immune cells 
can indirectly influence tumor growth by affecting the tumor- 
inhibiting activity of lymphocytes, or by increasing the number 
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of tumor-inhibiting lymphocytes. Taken together, interac- 
tion between tumors and immune cells either enhance or 
inhibit cancer development and/or progression, and changes 
of cytokines could affect the activation of lymphocytes, and 
the activation of NF-tcB and STAT3 signals, which thus control 
tumor growth. 

Apoptosis is a biological process that is essential to all living 
organisms and is a key feature of cancer development. 29,30 
Apoptosis is mediated by the two major pathways: the 
extrinsic (extracellular receptor and ligand) and the intrinsic 
(mitochondria-associated) pathways. 31 ' 32 The extrinsic path- 
way is triggered by death receptor, which initiates a signaling 
cascade mediated by caspase-8 activation. Caspase-8 
activates caspase-3 and stimulates the release of cytochrome 
c by the mitochondria. Caspase-3 activation leads to the 
degradation of cellular proteins to maintain cell survival and 
death. The intrinsic pathway is initiated by the release 
of cytochrome c from the mitochondria. Cytochrome c 
interacts with Apaf-1 and caspase-9 to promote the activation 
of caspase-3, and regulated by the pro-apoptotic B cell 
lymphoma protein-2 (Bcl-2) family of proteins, such as 
Bax, Bid, and Bak, and by the anti-apoptotic Bcl-2 family of 
proteins, such as Bcl-2, IAP, and XIAP. The Ki-67 antigen 
(Ki-67) and proliferating cell nuclear antigen (PCNA) are 
classic markers of cellular proliferation that have been widely 
applied in the diagnostic procedures. 33 Many investigations 
for proliferative activity of tumor cell have used PCNA and 
Ki-67 to evaluate cell proliferation in tumors. 34-36 

IL-32 is a recently discovered inflammatory cytokine 
produced by T lymphocytes, natural killer (NK) cells, epithelial 



cells, and blood monocytes. IL-32 induces tumor necrosis 
factor-alpha (TNF-a), IL-10, IL-6, and IL-10, 37 and thereby 
may have an important role in tumor development. In the 
present study, considering the significance of cytokines with 
respect to lymphocyte activation and the modification of 
NF-kB and STAT3 pathways, we investigated whether IL-32/? 
regulates tumor growth via the activation of cytotoxic 
lymphocytes, and the inactivation of NF-k;B and STAT3 
pathways by the changes of cytokine levels. 

Results 

Generation of IL-32/? transgenic mice and IL-32/? 
expression in mouse tissues. As described previously, 38 
we generated human IL-32/?-overexpressing transgenic mice 
(IL-32/? mice) by subcloning IL-32/? cDNA into the mamma- 
lian expression vector pCAGGS (Figure 1a). The success of 
procedure was confirmed by PCR of mouse tail genomic 
DNA using allele-specific primers (Figure 1b). The transgene 
was successfully transmitted to 50% of pups from each 
littermate, as evaluated by genotyping and western blotting. 
These founder mice were each back-crossed into the 
C57BL6/J background for eight generations. The male/ 
female ratio was 50% for IL-32/? transgenic and nontrans- 
genic littermates. IL-32/? transgenic mice are viable, fertile, 
and have no tissue or organ abnormalities. RT-PCR and 
western blotting analysis revealed that human IL-32/? was 
ubiquitously expressed in various tissues such as liver, 
kidney, and intestine, spleen and thymus, whereas human 
IL-32/? was not expressed in the tissues of nontransgenic 
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Figure 1 Generation of IL-32/? transgenic mice, (a) Scheme for IL-32/? transgenic generation, (b) PCR analysis (genotyping) was performed to analyze the existence 
of IL-32/? gene in transgenic mice, as described in Materials and Methods, (c) RT-PCR and western blott analyses for IL-32/? in the tissues of IL-32/? transgenic and 
nontransgenic mice, (d) Detection of IL-32 in the sera of transgenic or nontransgenic mice. The results are expressed as mean ± SD of three mice. * Significant difference from 
nontransgenic mice (*P<0.05) 
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mice (Figure 1c). Furthermore, IL-32 levels in the sera of 
IL-32/? transgenic mice (~4.4ng/ml) were found to be >10 
times that in wild-type mice (~0.3ng/ml, Figure 1d). 

IL-32/? inhibited tumor growth in IL-32/? transgenic mice 
and in BALB/c athymic nude mice inoculated with 
IL-32/Mransfected colon and prostate cancer cells, and 
IL-32/? also inhibited cultured cancer cell growth. To 

elucidate the effect of IL-32/? on tumor growth in vivo, B16 
melanoma cells were inoculated subcutaneously into IL-32/? 
mice and nontransgenic mice (n=10), tumor growth was 
monitored for 24 days. Whereas B16 melanoma inoculated 
into nontransgenic mice grew vigorously, it did not grow well 
in IL-32/? mice, in which tumor volumes and weights were 
significantly reduced (Figure 2a). H&E staining showed the 
presence of large necrotic areas in tumor sections of IL-32/? 
mice (Figure 2b). Consistent with tumor growth inhibition, 
numbers of cells immunoreactive for Ki-67 (30% lower than 
nontransgenic mice) and PCNA (20% lower than nontrans- 
genic mice) was significantly decreased, whereas numbers 
of cells immunoreactive for cleaved caspase-3 (3.7-fold) and 
Bax (6.2-fold) were increased in the tumor tissues of IL-32/? 
mice (Figure 2b). Western blot analysis also showed that 
the expression of cleaved caspase-3 (3.3-fold), cleaved 
caspase-9 (2.1 -fold), and Bax (4.5-fold) was increased, but 



bcl-2 expression (60%) was decreased in the tumor tissues 
of IL-32/? mice (Figure 2c). Numbers of TUNEL-positive cells 
(apoptotic cell death, 5-fold) were greater in the tumor 
tissues of IL-32/? mice than in those of nontransgenic mice 
(Figure 2d). Furthermore, immunohistochemical analysis 
showed that numbers of IL-32/? immunoreactive cells 
were higher (about 7-fold) in the tumor tissues of IL-32/? 
mice (Figure 2e). 

We further examined the inhibitory effect of IL-32/? on colon 
and prostate tumor growth. As cancer cells were rejected 
when they were inoculated into IL-32/? mice, we used BALB/c 
athymic nude mice. Colon (SW620) and prostate cancer cells 
(PC3) were transfected with an empty vector or IL-32/?, and 
then inoculated subcutaneously into BALB/c athymic nude 
mice (n= 10). Relative tumor growth was then monitored for 
38 days. Tumor growth was delayed in mice that were 
inoculated with IL-32/?-transfected colon or prostate cancer 
cells (named as IL-32/? c and IL-32/? p nude mice) compared 
with control mice that were inoculated with vector-transfected 
cancer cells (IL-32/? v mice) (Supplementary Figure 1A). 
Similar to IL-32/? transgenic mice, H&E staining showed the 
presence of large necrotic areas in tumor sections of IL-32/? c 
and IL-32/? p nude mice (Supplementary Figure 1B). Consis- 
tent with the observed tumor growth inhibition, the numbers of 
immunoreactive cells for Ki-67 (30% in both IL-32/5 c and 
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Figure 2 Effect of IL-32/? on tumor growth in IL-32/? transgenic mice, (a) Tumor images (upper panel), volumes (middle panel), and weights (lower panel) were measured 
at study termination (on day 24 in transgenic mice (a) as described in Materials and Methods section. The results are expressed as mean ± SD from 10 mice; *P<0.05 
compared with the nontransgenic mice, (b) tumor sections were analyzed by immunohistochemistry. (c) Tumor extracts were analyzed by western blotting as described in 
Materials and Methods section. Each images and band are representative of three independent mice, (d) Apoptotic cells were examined by TUNEL staining, (e) Tumor 
sections were analyzed by immunohistochemistry for detection of IL-32/? expression in tumor tissues. Each image is representative of three independent mice. The values on 
the right or bottom of panels are average fold difference from three independent nontransgenic mice ^Significant difference from nontransgenic mice (*P < 0.05) 
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IL-32£ P mice) and PCNA (32% in IL-32£ C and 40% in IL-32£ P ) 
were significantly decreased, whereas the numbers of 
immunoreactive cells for cleaved caspase-3 (3-fold in 
IL-32£ C and 3.3-fold in IL-32£ P nude mice) and Bax (5-fold 
in IL-32/? c and 3-fold in IL-32/? p nude mice) in tumor tissues of 
IL-32/? c and IL-32/? p nude mice were significantly increased 
(Supplementary Figure 1B). Western blot analysis also 
showed that IL-32/? increased the expression of cleaved 
caspase-3 (1.4-fold in IL-32£ C and 2.5-fold in IL-32£ P nude 
mice), cleaved caspase-9 (2.7-fold in IL-32/? c mice and 
3.2-fold in IL-32£ P nude mice), and Bax (4.5-fold in IL-32£ C 
and 3.2-fold in IL-32/? p nude mice), but decreased bcl-2 
expression (10% in IL-32^ C and 30% in IL-32^ P nude mice) in 
the tumor tissues of IL-32/? c and IL-32/? p nude mice, and in all 
cases, these changes were associated with a large increase 
of \L-32p (Supplementary Figure 1 C). The number of TUNEL- 
positive cells (indicating apoptotic cell death, 5-fold in IL-32/? c 
and 4.5-fold in IL-32/? p mice) were increased in the tumor 
tissues of IL-32/? c and IL-32/? p nude mice, as compared with 
those of IL-32/? v nude mice (Supplementary Figure 1D). 

We also found that the forced expression of IL-32/? in 
melanoma, human colon cancer cell lines (SW620), and 
human prostate cancer cell lines (PC3) resulted in the 
inhibition of cell growth in enforced IL-32/? in a dose- 
dependent manner (Supplementary Figure 2a), as compared 
with cancer cells transfected with empty vector. DAPI and 



TUN EL assay showed that the introduction of IL-32/? 
increased the number of TUNEL-positive cells by five-fold 
(melanoma cells), four-fold (SW620), or five-fold (PC3) 
(Supplementary Figure 2B). Moreover, IL-32 small interfering 
RNA (siRNA) treatment abrogated these IL-32^-induced 
inhibitory effects on cancer cell growth and apoptosis 
(Supplementary Figures 2A and 2B). These cell growth 
inhibition and apoptotic cell death induction were paralleled 
by increases in the enforced expression of IL-32/? 
(Supplementary Figure 2C). 

IL-32/i-modulated cytokine levels in tumor and spleen 
tissues. Cytokines are critically required for tumor growth 
because they directly influence cancer growth or they 
indirectly contribute to antitumor activities of lymphocytes. 39 
Therefore, we investigated whether IL-32/? also changes 
other cytokine levels in these tissues. We analyzed the 
mRNA levels of IL-6, IL-10, TNF-a, and IL-1/?, which are 
known to regulate tumor growth. The mRNA levels of IL-6, 
TNF-a, and IL-1/? (tumor-promoting cytokines) were almost 
undetectable in the tumor tissues of IL-32/? mice, whereas 
the level IL-10 was concomitantly elevated (Figure 3a). 
In tumor microenvironments, cytokines released from lym- 
phocytes could influence tumor growth by conveying tumor 
growth signals from the microenvironment to tumor. Thus, we 
examined cytokine levels in spleen tissues of IL-32/? mice. 
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Figure 3 Effect of IL-32/? on cytokine levels in tumor and spleen tissues. The level of IL-6, IL-1/?, TNF-a, and IL-10 was determined by qRT-PCR in the tumor (a) and 
spleen (b) of tumor-bearing IL-32/ttransgenic mice. The cytokine levels of tumor (c and e) or spleen (d and f) of athymic nude mice inoculated with IL-32/? -transfected colon 
cancer cells (c and d) or prostate cancer cells (e and f). The results are expressed as mean ± SD of five mice. *Significant difference from nontransgenic mice or athymic nude 
mice inoculated with vector-transfected cancer cells (*P<0.05) 
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As was observed for cytokine levels in tumor tissues, IL-6, 
TNF-a, and IL-1/? levels were depressed, but IL-10 levels 
were elevated in the spleen of IL-32/? mice (Figure 3b). In 
addition, in the tumor (Figures 3c and e) and spleen tissues 
(Figures 3d and f) of IL-32£ C (Figures 3c and d) and 
IL-32£ P (Figures 3e and f) nude mice, IL-6, TNF-a, and IL-10 
levels were decreased, but IL-10 levels were elevated as 
compared with those in IL-32/? v mice. 

IL-32/? increased the number of CD8 cytotoxic T cells 
and NK cells in blood, spleen, and tumor tissues. As 

changes of cytokine levels modify the activation or infiltration 
of lymphocytes into tumor, leading to their antitumor 
immunity, we counted numbers of infiltrating T and NK cells 
in tumor tissues. Immunohistochemical staining showed 
much higher number of CD8 + cytotoxic T cells and 
CD57 + NK cells spreading diffusely throughout entire tumor 
and spleen sections of IL-32/? mice, and of IL-32/? c and 
IL-32/? p nude mice (Figures 4a and b). Fluorescence- 
activated cell sorting (FACS) analysis also showed that 
CD8 + T and NK cell numbers and total B cell numbers in 
blood, spleen, and tumor tissues of IL-32/? mice and 
IL-32/? c , and IL-32/? p nude mice were significantly 
higher than in nontransgenic mice and IL-32/T nude mice 



(Figures 4c and d). These findings suggest that the antitumor 
immunity of IL-32/? is associated with promoting the infiltra- 
tion of CD8 + T cells and NK cells into tumor tissues, and 
increasing the numbers of these cells in immune tissues and 
blood. 

IL-32/? inhibited NF-kB and STAT3 signals in tumor. The 

changes of cytokines could influence the tumor growth 
signals such as NF-tcB and STAT3, which are critical signals 
to control tumor growth. To determine whether IL-32/? inhibits 
the activation of NF-k;B in tumors, and cultured colon and 
prostate cancer cells, we measured the DNA-binding activity 
of NF-kB by electromobility shift assay (EMSA), and 
translocations of p50 and p65 into the nucleus and kBa 
protein degradation by western blotting and immunohisto- 
chemical analysis. The activity of NF-k;B, the nuclear 
translocations of p50 and p65, and the phosphorylation of 
\kB in the tumor tissues of IL-32/? mice, and in IL-32/? c and 
IL-32/? p nude mice were decreased as compared with those 
of nontransgenic and IL-32/? v mice (Figure 5a). Immunohis- 
tochemical analysis also verified that the numbers of 
immunoreactive cells for NF-kB (p65) were much less in 
the tumors of IL-320 mice, and IL-32£ C and IL-32£ P nude 
mice (Figure 5b). Similar to NF-tcB, the DNA-binding activity 
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Figure 4 Effect of IL-32/? on CD8 + cytotoxic T cell and CD57 + NK cell number in tumor and spleen tissues, and blood of athymic nude mice inoculated with 
IL-32/ttrasfected colon and prostate cancer cells, (a) Effect of IL-32/? on the number of CD8 + cytotoxic T cells and CD57 + NK cells in tumor and spleen tissue section of 
IL-32/ttransgenic mice, as determined in immunohistochemistry. (b) Effect of IL-32/? on the number of CD8 + cytotoxic T cells and CD57 + NK cells in tumor and spleen 
tissue sections of athymic nude mice inoculated with IL-32/ttrasfected colon and prostate cancer cells, as determined in immunohistochemistry. The images shown in (a) and 
(b) are representative of three sections from each mouse (n = 3). (c and d) Subpopulation of immune cells determined after FACS analysis, as described in Materials and 
Methods section. The values in each area are the average subpopulation of immune cells (NK and CD8 + cells) ^Significant difference from nontransgenic mice (*P < 0.05). 
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Figure 5 Effect of IL-32/5 on the activation of NF-kB and STAT3 in tumor tissues, and cultured colon and prostate cancer cells, (a) The DNA-binding activity of NF-kB was 
determined by EMSA in the nuclear extracts of tumor tissues of IL-32/?-overexpressed transgenic mice or the athymic nude mice (a, upper panel). Expression of p50 and p65 
in nuclear extracts (NE, middle panel of a), 1/cB phosphorylation in the cytosol extracts (CE, lower panel of a), and DNA-binding activity and STAT3 phosphorylation (c) in total 
lysates of tumors were determined by EMSA (upper panel) or by western blotting (lower panel), (b and d) Expression of p65 (b), and phosphorylated STAT3 (d) in murine 
tumors were determined by immunohistochemistry. (e) Cellular localization p-STAT3 (green) and p65 (red) in tumor tissues. IL-32/? transgenic and athymic nude mice were 
observed by fluorescence microscopy after Immunofluorescence staining, as described in Materials and Methods section. Each image and band are representative of three 
independent mice, (f) Colon and prostate cancer cells were transfected with the vector or the IL-32/? and cultured for 24 h, and then NF-kjB was determined by EMSA (f, upper 
panel). Expression of p50 and p65 in nuclear extracts (NE, middle panel) and IkB phosphorylation in the cytosol extracts (CE, lower panel) were determined by 
western blotting, (g) Phosphorylation of STAT3 in total cell extracts was analyzed by western blotting (g, left panel). Cellular localization of p-STAT3 (green) and p65 (red) in 
IL-32/ttransfected colon and prostate cancer cells was determined with confocal microscopy, as described in Materials and Methods (f, right panel). Each band is 
representative of three independent experiments 



of STAT3 was lower in the tumor tissues of IL-32/? mice, and 
IL-32/? c and IL-32/? p nude mice than that of nontransgenic 
and IL-32/? v mice (Figure 5c), and phosphorylated STAT3 
levels were also lower in the tumor tissues of these mice 
(Figure 5c). Immunohistochemistry confirmed that the 
numbers of immunoreactive cells for STAT3 in the tumor 
tissues of IL-32/5 mice, and IL-32£ C and IL-32£ P nude mice 
were lower than in those of nontransgenic mice and IL-32/? v 
mice (Figure 5d). Confocal microscopy confirmed that the 
nuclear translocations of p65 and p-STAT3, and the 
colocalization of p-STAT3 and p65 were reduced by IL-32/? 
in the tumor tissues of IL-32/? mice, and IL-32^ C and IL-32/5 p 
nude mice as compared with those in the tumor tissues of 
nontransgenic mice, and in IL-32/? v mice and colon cancer 
cells (Figure 5e). As NF-kB is highly activated in colon and 
prostate cancer cells, the DNA-binding activity of NF-kB was 
measured after the introduction of vector or IL-32/? into colon 
and prostate cancer cells. In agreement with in vivo data and 



a previous report, 39 the introduction of IL-32/? inhibited the 
constitutive DNA-binding activity in colon and prostate 
cancer cells (Figure 5f). IL-32/? also prevented the nuclear 
translocations of p50 and p65 by inhibiting the phosphoryla- 
tion of IkB (Figure 5f). The phosphorylation of STAT3 
(STAT3 activity) was also reduced in colon and prostate 
cancer cells transfected with IL-32/? (Figure 5g left panel). 
Confocal microscopy confirmed that the nuclear transloca- 
tions of p65 and p-STAT3 were reduced by IL-32/? in both 
colon and prostate cancer cells (Figure 5g right panel). 
These results suggest that IL-32/? inactivated NF-k;B 
and STAT3 in tumor tissues, which are associated with the 
antitumor activity of IL-32/?. 

Discussion 

In the present study, it was originally found that IL-32/? inhibits 
melanoma, colon, and prostate tumor growth via the 
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activation of cytotoxic T cells and NK cells, and the inactivation 
of NF-kB and STAT3. 

Interaction between tumor and stromal cells, such as 
inflammatory cells and lymphocytes, is important when 
considering tumor progression (or regression) because 
stromal cells spread and induce antitumor immune responses 
through the release of several mediators such as cytokine and 
growth factors. 39 Cytokines can cause activation of T cells 
(cytotoxic CD8 + T cells) and NK cells in tumor tissues, which 
can induce the apoptosis of tumor cells. 40 IL-10 is known to 
inhibit tumor growth and metastasis via NK cell-dependent 
mechanism. 27 Furthermore, it has been reported that after 
active T lymphocyte levels had been reconstituted, hepatic 
carcinoma cell apoptosis was increased, depending on serum 
IL-10 and VEGF levels. 41 In contrast, IL-6 that is released 
from stromal cells stimulates cancer cell growth. 42 Further- 
more, lowering the level of IL-6 was found to be critical for 
antitumor activity against prostate cancer by combined purine 
nucleoside phosphorylase and docetaxel by increasing 
lymphocyte infiltration, and modulating cytokine levels. 43 
We found that tumor-promoting proinflammatory cytokines 
(IL-1/?, IL-6, and TNF-a) were decreased, but levels of tumor 
growth-inhibitory cytokine IL-10 were elevated in spleen and 
tumor tissues. Concomitantly, we also found that IL-32/? mice, 
and IL-32^ C and IL-32/5 p nude mice had higher levels of CD8 + 
T cells and CD57 + NK cells in tumor tissues, blood, spleen, 
and thymus than nontransgenic mice and IL-32/T mice. These 
observations indicate that changes of cytokines by IL-32/? 
could influence the activation of cytotoxic lymphocytes, 
leading to the inhibition of tumor growth. It is not clear how 
the T cells migrated in nude mice, as these mice do not have 
functional thymus and therefore cannot produce mature T 
cells. However, extrathymic maturation (spleen, lymph node, 
and bone marrow) of T cells (NK cells) could be possible when 
these mice have been burdened with virus or tumor, as 
reported by several other investigators. 44 ' 45 Cheng et al. 46 
also report that selenium increased peripheral and spleen 
CD4 + and CD8 + cells in the nude mice bearing prostate 
cancer cells. Moreover, it is noteworthy that postnatal 
thymic-independent T cell differentiation (maturation) in the 
extrathymic origin (such as in skin) could be possible. 47 

Owing to the abilities of NF-kB and STAT3 signals to induce 
the expression of a large number of cytokines and act as core 
transcription factors during diverse immune responses in 
tumor microenvironments, they are considered to be the 
major pathways responsible for cytokine-associated cancer 
development and tumor immunity 48,49 In the present study, 
we found that in agreement with the activation of cytotoxic 
lymphocytes, IL-32/? inactivated NF-kB in tumor and cultured 
cancer cells. These findings suggest that the inactivation of 
NF-kB could induce IL-32/?-induced tumor growth inhibition 
through the activation of lymphocytes directly or indirectly by 
changes of other cytokine level. In addition, in the present 
study, STAT3 activity was also found to be lower in the tumors 
of IL-32^ mice, IL-32£ C and IL-32£ P nude mice, and IL-320- 
transfected cancer cells than in nontransgenic mice, and 
IL-32/T mice as well as nontransfected cancer cells. In 
agreement with these observations, in a previous study, 
ablating STAT3 was found to activate macrophages, NK cells, 
and neutrophils, and have an antitumor effect. 50 It is well 



known that inactivation of STAT3 is required for IL-10-mediated 
immunosuppressive signaling 51 Tumor-killing cytokines were 
found to induce an NK cell-mediated antitumor immune 
response to human cancer cells via the inactivation of STAT3 52 

Considering the roles of NF-kB and STAT3 in the regulation 
of genes responsible for cancer cell growth, apoptosis, and 
tumor development and/or progression, it appears that the 
direct inhibitory effects of IL-32^ on NF-kB and STAT3 in 
tumor tissues might be also the fundamental mechanisms 
underlying tumor growth inhibition by IL-32/?. It remains to be 
determined how IL-32/? modulates STAT3 and NF-kB signals, 
but it is noteworthy that several cytokines can modulate the 
activities of STAT3 and NF-kB, and increase gene transcrip- 
tion. For example, IL-6 activates STAT3, but IL-10 inhibits 
the activation of STAT3. 53 Furthermore, the acetylation 
and/or recruitment of p300 protein are critical for the 
cytokine-induced activations of STAT3 and NF-kB; IL-6 
prolongs the nuclear retentions of STAT3 and NF-kB. 54 

Thus, in the present study, we conclusively demonstrate the 
inhibitory effect of IL-32/? on tumor growth and these findings 
provide novel evidence that IL-32/? has a suppressive 
effect on tumor growth through the activation of cytotoxic 
lymphocytes, and inactivation of NF-kB and STAT3 signals by 
alterations in cytokine levels. 

Materials and Methods 

Generation of IL-32-transgenic mice. To generate transgenic mice that 
express hlL-32/?, concentrated hlL-32/? cDNA was prepared. To generate IL-32/?- 
transgenic mice, a 705-bp fragment of the human IL-32/? gene was subcloned into 
the EcoRl sites of the pCAGGs expression vector. The sequence of the IL-32/? 
insert was confirmed by automated sequencing. The IL-32/? gene-containing 
genomic fragment was released from the vector using SaMHindlW digestion, and 
then separated from the pCAGGs vector using a low melt-point agarose 
and transverse alternating field-gel electrophoresis. The fragment was purified and 
microinjected at a concentration of 4 ng/jul into the embryos of BDF1 mice. The 
experimental treatments were carried out according to the guidelines for animal 
experiments of the Faculty of Disease Animal Model Research Center, Korea 
Research Institute of Bioscience and Biotechnology (Daejeon, Korea), as well as 
the Guidelines for the welfare and use of animals in cancer research. 55 

IL-32/? insertion was confirmed by the amplification of genomic DNA isolated 
from the transgenic mice tails using Super Taq PLUS Pre-mix (RexGene BioTech, 
Ochang, Chungbuk, Korea) and the following specific primer set: sense, 5'- 
GAAGGTCCTCTCTGATGACA-3'; and antisense, 5'-GAAGAGGGACAGCTAT 
GACTG-3' (nt 2245-2225). pCAGGS/IL-32/? was used as a positive control, and 
pCAGGS (4.8 kb) was used as a negative control. GAPDH was used as an internal 
control. Genomic DNA samples were extracted from transgenic mice tails, and PCR 
analysis was performed for detection of the insertion of IL-32/? in the genome. The 
following conditions were used for the TaKaRa PCR Thermal Cycler: 94 °C for 
10 min, followed by 35 cycles of 94 °C for 1 min, 63 °C for 1 min, and 72 °C for 
1.5 min, with a final step of 72 °C for 10 min. The IL-32/? transgenic mice were 
crossback mated with C57BI6J mice for eight generations in order to establish IL- 
32/? transgenic line. In order to analyze IL-32 gene expression in various tissues of 
transgenic mice, total RNAs were extracted and RT-PCR analysis was performed 
using the following primer sets: sense: 5'-GAAGGT CCTCTCTGATGACA-3', 
antisense: S'-GGGGTTCAGAGCACTTCT-S' (371 bp). GAPDH was used as an 
internal control. Sense: S'-ACCACAGTCCATGCCATCAC-S', antisense: 5'- 
TCCACCACCCTGTTGCTGTA-3' (450 bp). 

Reagents and cell culture. The HCT116 and SW620 colon cancer cell 
lines and B16 melanoma cells were obtained from the American Type Culture 
Collection (Manassas, VA, USA). Colon cancer cells were grown at 37 °C in 5% 
C0 2 -humidified air in RPMI 1640 medium that contained 10% fetal bovine serum 
(FBS), 100 U/ml penicillin, and 100^g/ml streptomycin. B16 melanoma cells 
were grown at the same conditions in DMEM medium. RPMI 1640, DMEM, 
penicillin, streptomycin, and FBS were purchased from Gibco Life Technologies 
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(Grand Island, NY, USA). siRNA species for IL-32, p50, and p65, and a 
nontargeting control siRNA were purchased from Bioneer (Daejeon, Korea); 
siRNA for STAT3 was purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). 

Transfection. Colon and prostate cancer cells (5 x 10 4 cells per well) were 
plated in 24-well plates, and stable transfected with 0.4 /ug of the empty vector or 
the constitutively activated full-length IL-32/? plasmid per well by using a mixture of 
plasmid. To establish constitutive expression systems of IL-32, cancer cells were 
transfected with the pcDNA3.1 + -6 x Myc or pcDNA3.1 + -6 x Myc-IL-32a vector 
using the Neon transfection system (Invitrogen, Carlsbad, CA, USA). G418 
(900 ^g/ml)-resistant cells were screened for 3 weeks, and single cell-expanded 
clones were obtained by serial dilutions. 

Cell viability. To determine viable cell numbers, the colon and prostate cancer 
cells were seeded onto 24-well plates (5 x 10 4 cells per well). The cells were 
trypsinized, pelleted by centrifugation for 5min at 1500r.p.m., resuspended in 
10 ml of phosphate-buffered saline (PBS), and 0.1 ml of 0.2% trypan blue was 
added to the tumor cell suspension in each solution (0.9 ml each). Subsequently, a 
drop of suspension was placed in a Neubauer chamber, and the living cancer cells 
were counted. Cells that showed signs of trypan blue uptake were considered to 
be dead, whereas those that excluded trypan blue were considered to be viable. 
Each assay was carried out in triplicate. 

Detection of apoptosis. TUNUL assays were performed using the In situ 
Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany). The 
total cell number in a given area was determined based on DAPI nuclear 
staining. The apoptotic index was calculated as the number of DAPI-stained, 
TUNUL-positive cells divided by the total number of cells counted s x 100. 

Anti-tumor activity of IL-32)? in IL-32/Mransgenic mice. Male, 6-8 
week-old IL-32/? transgenic and nontransgenic mice were maintained in 
accordance with the guidelines proscribed by the Chungbuk National University 
Animal Care Committee. B16 melanoma cells were injected subcutaneously 
(5 x 10 5 tumor cells in 0.1 ml PBS per animal) into transgenic and nontransgenic 
mice. The weights and tumor volumes of the animals were monitored twice 
weekly. The tumor volumes were measured with Vernier calipers and calculated 
using the following formula: (A x B 2 )/2, where A is the larger and B is the smaller 
of the two dimensions. At the end of the experiment, the animals were killed and 
the tumors were separated from the surrounding muscles. 

In vivo antitumor activity of IL-32)? in a xenograft animal 
model. Six-week-old male BALB/c athymic nude mice were purchased from 
Japan SLC (Hamamatsu, Japan). All experiments were approved and carried out 
according to the Guide for the Care and Use of Animals (Chungbuk National 
University Animal Care Committee, Korea). Human colon cancer SW620 cells and 
prostate cancer PC3 cells that had been transfected with the vector or the IL-32/? 
plasmid (6/^g/l x 10 6 cells) were injected subcutaneously (1 x 10 7 tumor cells in 
0.1 ml PBS per animal) into the right-lower flanks of the carrier mice. The body 
weights and tumor volumes of the animals were monitored twice weekly. 
The formula described above was used to calculate tumor volume. At the end of 
the experiment, the animals were killed by cervical dislocation. The tumors were 
separated from the surrounding muscles and dermis, excised, and weighed. 

Western blotting and electromobility shift assay. The membranes 
were immunoblotted with the following primary antibodies: mouse monoclonal 
antibodies directed against p65, p50, STAT3, and p-STAT3 (Santa Cruz 
Biotechnology), rabbit polyclonal antibodies directed against bax, and PARP 
(Santa Cruz Biotechnology) and against caspase-3, cleaved caspase-3, caspase- 
9, Bcl-2, XIAP and clAP (Cell Signaling Technology, Beverly, MA, USA). The 
monoclonal anti-hlL-32 antibody KU32-52 was used. A gel EMSA was performed 
according to the manufacturer's recommendations (Promega, Madison, Wl, USA). 

Detection of IL-32 in the sera of transgenic mouse. The level 
of IL-32 in the sera was detected by ELISA methods using mouse II-32 antibody, 
as describe in elsewhere. 56 

Fluorescence microscopy. The fixed cells and tissues were exposed to 
the following primary antibodies: p50, p65, and p-STAT3 (1:100 dilutions in 



blocking serum; Santa Cruz Biotechnology) at room temperature for 1 h. 
After incubation, the cells were washed twice with ice-cold PBS and incubated 
with an anti-rabbit or mouse secondary antibody conjugated to Alexa Fluor 488 or 
568 (Invitrogen-Molecular Probes, Carlsbad, CA, USA) at room temperature for 
1 h. Immunofluorescence images were acquired using an inverted fluorescent 
microscope Zeiss Axiovert 200 M (Carl Zeiss, Thornwood, NY, USA). 

Quantitative real-time PCR. For mRNA quantification, total RNA was 
extracted using the RNAqueous kit and the cDNA was synthesized by 1 /ig of total 
RNA using High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, 
CA, USA) according to the manufacturer's protocol. Quantitative real-time PCR 
was performed using specific primers for GAPDH (Mm99999915_g1), IL-6 
(Mm00446190_m1), TNF-a (Mm00443258_m1), IL-10 (Mm00439616_ ml), IL-1£ 
(Mm00434228_m1) in a 7500 Real-Time PCR System (Applied Biosystems). 
Thermocycling conditions consisted of an initial denaturation of 20 s at 95 °C, 
followed by 60 cycles of 95 °C for 30 s and 60 °C for 30 s). The values obtained for 
the target gene expression were normalized to GAPDH and quantified relative to 
the expression in control samples. For the calculation of relative quantification, the 
2~ AA C t formula was used, where -AAC t = (C tj target - Q, gapdh) experimental 
sample - (C ti targerQ, gapdh) control sample. 

Immunohistochemistry. All specimens were fixed in formalin and 
embedded in paraffin for examination. Sections (4-^m thickness) were stained 
with H&E and analyzed by immunohistochemistry using primary anti-mouse 
PCNA, Ki-67, bax (1 :200 dilution), CD3 (1 :10), and CD57 (1 : 50) monoclonal 
antibodies or primary rabbit anti-human cleaved caspase-3 polyclonal antibody 
(1 : 100), and secondary biotinylated anti-mouse and anti-rabbit antibodies. 

Fluorescence-activated cell sorting analysis for immune cell 
populations. Immune cell populations in the whole blood, spleen, and tumor 
were analyzed by FACS analysis. A total of 1001 of whole blood was collected 
using a hematocrit capillary tube and blocked with Fc-block (eBioscience, San 
diego, CA, USA) to reduce nonspecific antibody binding for 3min at room 
temperature. Cells were then incubated in the dark with 10^1 of the appropriate 
fluorochrome-conjugated antibodies from eBioscience - T cells (anti-CD3-FITC, 
1 :25), B cells (anti-CD19-PE, 1 :25), and NK cells (anti-CD49-APC, 1 : 50) for 
20 min at 4 °C. Cells were washed with 500 fi\ of FACS (fluorescence-activated 
cell sorter) buffer containing 0.02% sodium azide and 2% FBS in PBS. The red 
blood cells were lysed for 5 min with FACS lysis buffer (BD Bioscience, Franklin 
Lakes, NJ, USA) at room temperature, then re-washed with FACS buffer. Finally, 
each sample was fixed with 1% paraformaldehyde until further analysis. Flow 
cytometry analysis was performed on the FACSCalibur system (BD Biosciences). 
Control samples were matched for each fluorochrome. Data were analyzed using 
CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA). For immune cell- 
population analysis in the spleens and tumor, tissues were disrupted by forcing 
them through a 70-^m cell strainer into 10 ml of cold PBS using a rubber-tipped 
syringe plunger. The cell suspensions were then centrifuged at 1500r.p.m. for 
10 min and the supernatants were discarded. The cells were resuspended in 3-ml 
ACK lysing buffer (LONZA, Walkersville, MD, USA) for 3 min and the debris was 
sedimented by centrifuging at 1500r.p.m. for 10 min. Cell concentrations were 
determined by haemocytometer counting using trypan blue dye exclusion, and 
were adjusted to 1 x 10 6 cells/ml. Single-cell suspensions were stained with 
the following fluorochrome-conjugated antibodies from BD Biosciences: B cells 
(anti-B220-APC, 1 : 100), T cells (anti-CD3-FITC, 1 :400), NK cells (anti-CD49- 
APC, 1 :50), and cytotoxic T cells (anti-CD8-FITC, 1 : 100). Flow cytometry and 
data analysis were done as mentioned above in blood. 

Statistical analysis. The data were analyzed using the GraphPad Prism 4 
software (GraphPad Software, La Jolla, CA, USA). Data (tumor volumes and 
weights) are presented as mean±SD. The homogeneity of variances was 
assessed using the Bartlett test. When the variances were homogeneous, 
differences were assessed by one-way analysis of variance (ANOVA). Other data 
were assessed by ANOVA. When the P-value in the ANOVA test indicated 
statistical significance, the differences were assessed by the Dunnett's test. 
A value of P<0.05 was considered to be statistically significant. 
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